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Realization of quantum photonic devices requires coupling single quantum emitters to the mode
of optical resonators. In this work we present a hybrid system consisting of defect centers in few-
layer hBN grown by chemical vapor deposition and a fiber-based Fabry-Perot cavity. The sub 10 nm
thickness of hBN and its smooth surface enables efficient integration into the cavity mode. We
operate our hybrid platform over a broad spectral range larger than 30 nm and use its tuneability
to explore different coupling regimes. Consequently, we achieve very large cavity-assisted signal
enhancement up to 50-fold and equally strong linewidth narrowing owing to cavity funneling, both
records for hBN-cavity systems. Additionally, we implement an excitation and readout scheme for
resonant excitation that allows us to establish cavity-assisted PLE spectroscopy. Our work marks an
important milestone for the deployment of 2D materials coupled to fiber-based cavities in practical
quantum technologies.
I. INTRODUCTION
Atomically thin van der Waals materials have recently
attracted increasing attention as nanophotonic platforms
due to their unique photophysical properties [1], lack of
dangling bonds ideal for integration, and unparalleled po-
tential for exploration of light-matter interactions at the
nanoscale [2–5]. For example, the growing family of tran-
sition metal di-chalcogenides (TMDCs) is often used to
study special exciton effects e.g. Moire patterns [6] or
exciton-polariton condensates [7]. On the other hand,
hexagonal boron nitride (hBN) has been explored [8, 9]
due to its ability to host bright and narrowband opti-
cally active luminescent defects that can act as single
photon emitters (SPEs) [10, 11] with very high quantum
efficiency approaching 87 % [12]. Recent progress has fur-
ther accelerated interest in hBN as a quantum photonics
platform. Outstanding milestones include demonstration
of optically detected magnetic resonance [13, 14], a strong
response to electrical and strain fields [15–17], photo-
luminescence upconversion via anti-Stokes process [18],
demonstration of Rabi-oscillations and resonance fluores-
cence [19] as well as demonstrations of wafer scale growth
of single crystal hBN [20, 21].
One of the outstanding goals in the framework of SPEs
in atomically thin materials is their efficient coupling
to optical cavities [22, 23] and photonics platforms [24].
∗ These authors contributed equally to this work.
† E-Mail: alexander.kubanek@uni-ulm.de
Coupled emitter-cavity systems afford increased emis-
sion rates and enhanced collection efficiency, both rep-
resenting critical goals for employing SPEs in scalable
nanophotonic devices. Initial experiments with hBN
have demonstrated the coupling of defect centers to
dielectric photonic crystal cavities and microdisk res-
onators [25–28], and cavity-enhanced single-photon gen-
eration with Fabry-Perot (FP) cavities in a compact ar-
chitecture [29]. However, the successful coupling yield of
SPEs to the resonators with these geometries is still low.
A critical issue has remained the wide range of emission
energies observed for hBN SPEs, with zero-phonon lines
(ZPL) known to range from ∼ 550− 800 nm [10, 30, 31],
making efficient coupling to optical cavities with a fixed
resonance wavelength challenging [26, 32].
In this work we demonstrate a novel approach to over-
come this issue by coupling hBN SPEs to a fiber based,
FP open cavity. Our cavities exhibit a high finesse and
small modal volume which is ideal for coupling to hBN
SPEs. Most importantly, these cavities offer a unique
advantage for the integration of 2D materials. Since the
cavity is fully tunable over several µm and the focal area
is large (∼ 1 µm) enables the simultaneous study of many
SPEs, with varying emission energies, within a single
hBN layer. We utilize thin layers of hBN via chemical
vapor deposition (CVD), which are advantageous over
other hBN material sources as they provide a high surface
quality to minimize scattering losses, and enable control
over the photophysical properties of the defects during
growth [33, 34].
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FIG. 1. a) Design of the micro resonator setup. A macroscopic plane mirror and the tip of a glass fiber with concave structure
form a plano-concave resonator. A CVD grown hBN layer is placed on the plane mirror forming a hybrid quantum emitter fiber-
cavity system. b) Cavity transmission spectrum in the wavelength range from 560 nm to 660 nm revealing a cavity free spectral
range (FSR) of ∆λFSR = 16.89 nm at 600 nm. c) Cavity finesse F as a function of the wavelength (black data) determined
by scanning cavity measurements. Maximum values (red triangles) > 3000 are reached between 590 nm and 640 nm, while
the finesse decays to the higher (lower) wavelength side due to the limited mirror reflectivities. d) Cavity transmission versus
piezo voltage over one cavity FSR. We observe strong coupling to the fundamental mode, while higher order modes are weakly
pronounced. The inset shows the transmitted (blue) and reflected (red) signal at resonance. The maximum coupling efficiency
visible in the reflection measurement is limited by the impedance mismatch of the fiber mirror and the cavity mode.
II. EXPERIMENTAL PLATFORM
Spectroscopic measurements were performed using a
custom-built confocal microscope with an NA = 0.7
microscope objective combined with a micro resonator
setup consisting of a macroscopic plane mirror and a fiber
mirror. Both, the plane and the fiber mirror are provided
with a highly reflective dielectric coating to form a dis-
tributed Bragg reflector (DBR). The DBR stack of the
plane mirror is designed for high reflectivities in the spec-
tral range common for hBN SPEs (i.e. from 560 nm to
740 nm) and has a high index termination, which leads
to a field node on the surface of the mirror. The fiber
mirror is fabricated with a concave structure having a
radius of curvature (ROC) of Rc = 35 µm, which was
produced by laser ablation from a high power CO2 laser
before coating. The ROC of the structure is estimated
from a parabolic fit to an interferometer image enabling
resonator lengths L0 of more than 30µm in stable oper-
ation. The homogeneous ablation of material from the
high intensity infrared laser leads to a relatively smooth
surface enabling high finesse values [35]. The reflectivity
of the fiber mirror ranges from 560 nm to 660 nm. Both
dielectric coatings are transmissive for green (532 nm)
laser light, enabling off-resonant excitation of color cen-
ters inside the resonator. The length of the fiber cavity
(z-direction) is tunable via the fiber mirror side while
the plane mirror can be adjusted in the lateral direc-
tion (x- and y-direction). A schematic representation of
the platform is shown in figure 1(a). Switching between
scannable confocal microscope and fiber-cavity based col-
lection mode is possible by flipping the plane mirror.
First we characterize the bare fiber-cavity (without hBN)
via the fiber mirror side. We measure the spectrum
of the fiber resonator by recording the transmission of
a broadband light source with a grating spectrometer
(1200 groves/mm) for different cavity lengths. For an ex-
emplary length of L0 = 10.66 µm the transmission spec-
trum is depicted in figure 1(b) resulting in a cavity free
spectral range (FSR) of ∆λFSR = 16.89 nm at 600 nm
(∆νFSR = 14.07 THz). The spectral position of the fun-
damental modes for a given cavity length are utilized to
calculate and compensate the piezo hysteresis by apply-
ing a third order polynomial function to the measured
data (details see Supplemental Material).
We determine the cavity finesse F by measuring the
transmission of a narrowband (100 kHz) dye ring laser
system while continuously scanning the cavity length.
The cavity finesse is defined as the ratio of the FSR
and the FWHM linewidth of the resonances F =
FSR/FWHM. High finesse values of approximately 3000
are obtained in the wavelength range between 590 nm
and 640 nm, while the finesse decreases for higher (lower)
wavelengths due to decreasing mirror reflectivity of the
fiber (plane) mirror (figure 1(c)). The cavity length
can be varied within the theoretically predicted stability
regime without significant changes of the finesse (see Sup-
3plemental Material). However in this work we focus on
short cavity lengths (< 15 µm) for increased coupling be-
tween SPE and cavity mode (for detailed calculations see
Supplemental Material). The transmission through the
scanning cavity (figure 1(d)) displays pronounced funda-
mental modes, while higher order modes appear strongly
suppressed. The maximum coupling efficiency is extrap-
olated from the reflection measurement (red curve in the
inset of figure 1(d)) and yields 45%. The efficiency is lim-
ited by the impedance mismatch between the fiber end
and the cavity mode.
III. SAMPLE CHARACTERIZATION
The sample is fabricated using large scale thin layers of
hBN grown by CVD on copper, as described in detail in
reference [36]. The hBN layer is sandwiched between two
PMMA layers of 95 nm thickness to position the defects
in the field maximum of the cavity mode. The hBN layer
is first examined via confocal microscopy at room tem-
perature using an off-resonant laser (DPSS) at 532 nm.
An exemplary confocal scan of a 50 × 50 µm2 region is
shown in figure 2(a). We record photoluminescence (PL)
spectra of numerous defects revealing that the hBN hosts
a large variety of defects covering a broad wavelength
range from ≈ 570 nm up to 740 nm. The majority of
defects emit between 570 nm and 590 nm, as reported in
the references [33, 34, 36, 37]. A PL spectrum of such a
defect (marked spot in figure 2(a)) features pronounced
zero-phonon line (ZPL) emission centered at λ ≈ 632 nm
with a FWHM linewidth of δλ = 3.3 nm. The linewidth
of the investigated defects spreads from 3 nm to more
than 20 nm (figure 2(b)).
The scattering losses due to the inserted hBN layer in-
side the resonator are investigated by recording a trans-
mission map of the broadband light source (see figure
2(c)). Additionally we measure the finesse of the cavity
on several regions on the hBN layer (marked spots in fig-
ure 2(c)) and extract the scattering losses introduced by
the layer, as it has been done for a diamond membrane
cavity system [38], resulting in:
Spot number Finesse Scattering Losses
1 (mirror) 2248 1400 ppm
2 465 5360 ppm
3 375 6980 ppm
4 195 14710 ppm
5 886 2150 ppm
This yields an average rms surface roughness of σ =
4.1(11) nm of the hBN layer. Furthermore atomic force
microscopy (AFM) is applied - measured on SiO2 prior
to hBN encapsulation between the two PMMA layers - to
determine the overall height of the hBN layer. An AFM
scan of the hBN layer edge (10×10 µm2) with a resolution
of 512× 512 px is shown in figure 2(d). The height trace
along the white dashed line yields an average layer thick-
ness of thBN ≈ 9.1 nm and a surface roughness of few nm,
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FIG. 2. a) Confocal image of a 50 × 50 µm2 region of the
CVD grown hBN layer on the DBR. The PL spectrum of the
marked defect exhibits strong ZPL emission at λ ≈ 632 nm
with a FWHM linewidth of δλ = 3.3 nm and phonon sideband
(PSB) up to ≈ 740 nm. b) Spectral distribution of defects in
the CVD grown hBN layer ranges from 570 nm to 740 nm.
The FWHM linewidths spread from 3 nm to 27 nm. In this
statistic the majority of defects in the range from 570 nm to
590 nm is excluded for clearance. c) Cavity transmission map
of a broadband light source to investigate the performance of
the hBN layer in the cavity. The cavity finesse is measured on
the marked spots to estimate the scattering behavior of the
layer. d) Atomic force microscopy scan of a 10×10µm2 region
of the CVD grown hBN layer. The height trace taken from the
white dashed line yields a layer thickness of thBN ≈ 9.1 nm.
in agreement with the extracted scattering losses. We
thus conclude that the surface quality of the hBN layer
is suitable for an integration into the cavity mode. We
note that variations in surface roughness, primarily a re-
sult of wrinkling during the transfer process, lead to vari-
ations in the effective cavity finesse, with smoother areas
providing higher finesse values. However, additional op-
timization of the growth process, or additional polishing
of the hBN layer after growth can further improve the
obtained results.
IV. COUPLED SYSTEM
The plane mirror is now moved laterally to overlap
the position of individual defect centers in the hBN
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FIG. 3. a) Cavity coupled (blue) and free space (green) spectrum of the λ = 632 nm defect (PL spectrum in figure 2(a))
represents pronounced funneling of the emission into a single optical mode of the cavity with a more than 18-fold reduced ZPL
linewidth. The inset shows the high resolution image from where the linewidth of δλ = 0.18 nm is extracted. b) Cavity coupled
fluorescence spectra of the λ = 632 nm defect (figure 2(a)) for different cavity lengths L0 + ∆L0 starting at L0 = 13.99µm.
c) Integrated cavity fluorescence intensity of the λ = 632 nm defect for different cavity lengths. Peak intensity is observed at
the center of the defect ZPL. d) Emission polarization of the λ = 632 nm defect (blue data, red fit) shows preferential emission
into the polarization axis of the cavity (black data, green fit) with high polarization contrast. e) Second-order autocorrelation
measurement of the λ = 632 nm defect clearly indicates single photon emission.
layer with the cavity mode. Off-resonant excitation
(at 532 nm) as well as the collection of the cavity
mode is done via the plane mirror side. We observe
coupling of the defect presented in figure 2(a) with a
ZPL centered at λ = 632 nm to a single mode (TEM00)
of the fiber-cavity. The cavity-coupled hBN spectrum is
presented in figure 3(a) (low resolution (0.52 nm)), while
the inset displays the corresponding high resolution
(0.06 nm) spectrum. The background signal visible in
figure 3(a) originates from fiber fluorescence (650 nm to
750 nm) and surrounding defects (570 nm to 600 nm).
Cavity filtering can be observed by the more than
18-fold reduction of the ZPL linewidth of the defect now
dictated by the corresponding cavity linewidth (see inset
in figure 3(a)). Note that all broadening effects like the
cavity jitter during the acquisition time are included.
We further tune the cavity resonance (by scanning the
cavity length) over the ZPL frequency of the defect
and observe a resonance at λ ≈ 632 nm (figure 3(b)).
Integrating over all spectra for the scan in figure 3(b)
yields again approximately the ZPL linewidth of the
defect in free-space emission (figure 3(c)).
Furthermore, we observe linear polarized emission of the
coupled defect with high polarization contrast aligned
with the polarization axis of the cavity (see figure 3(d))
leading to increased coupling between defect and cavity
mode. The high polarization contrast mainly originates
from the defect itself, since in the regime with F < 3000
the cavity polarization modes are degenerate, lowering
the polarization contrast of the cavity. A second-order
autocorrelation measurement at low excitation power
far from saturation yields single photon emission from
the coupled system with g(2)(0) = 0.4 and an extracted
lifetime of τ0 = 2.65 ns (figure 3(e)).
To further establish cavity-assisted enhancement and
cavity funneling we investigate the coupling of numerous
defects at different wavelengths to the cavity mode.
In each case the TEM00-mode of the cavity is tuned
into resonance with the ZPL of the particular defect.
As a result we observe strong cavity funneling of the
ZPL emission of these defects into the cavity mode. To
classify the effect of the cavity we extract the spectral
enhancement of each ZPL in the cavity mode as well
as the reduction of its linewidth by comparing the free
space emission with the cavity coupled emission. In total
spectral enhancement is studied for more than 20 defects
in the wavelength range between 560 nm and 600 nm for
two different cavity lengths L0 = 7µm and L0 = 13µm
(see figure 4(a)). As expected the largest enhancement
values are obtained for very short cavity lengths. At
L0 = 7µm most defects are more than 20-fold enhanced,
while selected defects exhibit enhancement values of up
to 50. At L0 = 13µm however the largest enhancement
(6.3) is observed for a defect centered at ≈ 572 nm.
The large spectral enhancement in a well-defined optical
mode of the cavity is based on two effects. First, the
Purcell factor explains the increased emitter-cavity
coupling growing with shorter cavity length. We ex-
perimentally confirm this by measuring the spectral
enhancement for the two cavity lengths L0 = 7 µm and
L0 = 13µm. We estimate the effective Purcell factor
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FIG. 4. a) Spectral enhancement for different fluorescing defects in the wavelength range from 560 nm to 600 nm for two
different cavity lengths L0 = 7µm (blue data) and L0 = 13 µm (green data). The data of the defect in (b) is marked red. The
inset shows the corresponding reduction of the ZPL linewidth for selected defects. b) Cavity coupled spectrum (red) and free
space PL spectrum (green) of a defect with its ZPL centered at λ ≈ 577 nm (top). The free space emission is scaled to the
intensity of the cavity coupled emission for better visibility. The fluorescence of the ZPL in the cavity is spectrally enhanced
by a factor of 30 compared to the free space emission as it can be extracted from the high resolution image (bottom).
in the bad emitter regime, c.f. reference [39], for a
strongly dissipative quantum emitter coupled to a high
quality cavity for different cavity lengths resulting in
a Purcell factor of Fp ≈ 1 for L0 = 7 µm, 2.3 times
higher than for L0 = 13µm (details see Supplemental
Material). Second, the slightly asymmetric coating of
the two cavity mirrors (Tplane > Tfiber for wavelengths
< 600 nm) and the overall higher transmission at lower
wavelength is designed for high out-coupling rates
(Tplane/(Tplane + Tfiber + L)) on the planar mirror side
(c.f. also figures 1(b) and (c)).
In both cases (free space and cavity coupled) we use
identical excitation conditions, in particular the same
intensity and numerical aperture optics. Cavity effects of
the excitation light can be neglected due to high mirror
transmission for the green 532 nm excitation laser. To
illustrate the determination of the enhancement factor
the cavity coupled spectrum of a defect at λ ≈ 577 nm
(red data in figure 4(a)) is shown in figure 4(b). Multiple
cavity modes are fed by the broadband fluorescence of
the defect center. The strongest mode overlaps with
the central wavelength of the ZPL at λ = 577 nm,
demonstrating a spectral enhancement factor of 30
compared to the free space emission (green data in figure
4(b)).
Recently mechanically isolated defect centers have
been demonstrated under resonant excitation yielding
narrow linewidths up to 60 MHz at room temperature
[40, 41]. To access this regime we establish a method to
perform cavity-assisted PLE spectroscopy comparable to
the scheme presented in reference [42]). We resonantly
excite a defect with its ZPL centered at λ ≈ 575 nm
(c.f. integrated cavity coupled PL spectrum under off-
resonant excitation in figure 5(a)) and detect the PSB
in the lower order fundamental q modes of the cavity as
shown in figure 5(b). As an excitation light source we use
here a tunable optical-parametric oscillator (OPO) with
second-harmonic-generation (SHG) unit that is tuned on
resonance with the cavity. To our knowledge this is the
first evidence of cavity-assisted PLE for defects in hBN.
To prove the resonant excitation, we detune the excita-
tion laser from the cavity resonance observing no signal.
In addition, we do not observe emission when the cav-
ity is on resonance with the excitation laser but laterally
displaced from the position of the defect (by shifting the
plane mirror). We further measure the inhomogeneous
linewidth of the defect center under resonant and near-
resonant excitation by tuning the excitation wavelength
over the ZPL (figure 5(c)). The displayed integrated in-
tensity hereby corresponds to the cumulative intensity of
the fundamental modes in the PSB (c.f. figure 5(b)). The
inhomogeneous linewidth observed in PLE spectroscopy
is in agreement with the PL linewidth. However, on the
short-wavelength side of the ZPL the near-resonant exci-
tation via acoustic phonon modes becomes apparent.
In the presented case, the electron-phonon density of
states for the acoustic phonon branch is gap-less and
merges into the ZPL. This leads to a reduced excita-
tion efficiency under resonant excitation at room tem-
perature. At the same time, the emission enhancement
induced by the cavity is limited by the strong dephas-
ing of the investigated defect centers. We extrapolate
the achieved cavity enhancement for a defect exhibiting
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FIG. 5. a) Integrated cavity coupled PL intensity of the ZPL
under off-resonant excitation for different cavity lengths. b)
Resonant excitation scheme, which shows the excitation at
approx. the center of the ZPL at λ = 575 nm and the de-
tection of the side band in the range 600 nm to 680 nm. We
do not observe any signal from the defect with the excita-
tion laser on-resonance with the cavity but the cavity mode
laterally detuned from the defect (bottom left) nor with the
cavity mode on-site but the laser off-resonance (bottom right).
c) Excitation efficiency of the defect over the excitation wave-
length. We observe a strong decay starting at ≈ 590 nm. On
the lower wavelength side the decay is not as steep due to the
higher probability for off-resonant excitation.
Fourier-Transform limited lines at room temperature as
it is reported in the references [40, 41] resulting in Pur-
cell factors > 100 assuming ideal emitter-cavity coupling
(details see Supplemental Material).
V. CONCLUSION
In summary, we have studied the coupling of quan-
tum emitters in few-layer CVD grown hBN to FP open
cavities. We have demonstrated record cavity-enhanced
emission for individual defect centers in hBN up to 50-
fold enhancement and up to 50-fold linewidth reduction
due to cavity funneling. Importantly, our hybrid system
offers a broad spectral tuning range ideal for coupling to
the wide range of ZPL emission energies common to hBN,
demonstrated here by coupling single defect center with
emission wavelength ranging from 565 nm to 635 nm. Our
work paves the way for indistinguishable single photon
emission at high rates with potential for enhancing spin
readout and for fiber-based quantum photonics with ap-
plications in quantum communication.
We further establish cavity-assisted PLE spectroscopy
which can be utilized in the future to characterize me-
chanically isolated defect centers in hBN at room tem-
perature [40] with critically enhanced photon flux. Mak-
ing use of cavity-assisted excitation is essential to reduce
the necessary excitation power. Since spectral diffusion
is power-dependent, our platform can be utilized to over-
come spectral instability, which is a prevalent issue in
the deployment of hBN SPEs for practical applications.
Dissipation in our coupled system is currently limited
by rapid emitter dephasing. Extending our work to me-
chanically isolated defect centers could eliminate emit-
ter dephasing reaching the Fourier-Transform limit and
resulting in emitter linewidth of γ0 ≈ 60 MHz at room
temperature. Our results therefore hold the unique ca-
pability to establish a strongly coupled solid-state system
with a cooperativity exceeding C0 > 100 at room tem-
perature.
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